Genetic variation among 14 populations of Plutella xylostella (Linnaeus) from USA (Geneva, New York), Brazil (Brasilia), Japan (Okayama), The Philippines (Caragan de Oyo), Uzbekistan (Tashkent), France (Montpellier), Benin (Cotonou), South Africa (Johannesburg), Réunion Island (Montvert), and five localities in Australia (Adelaide, Brisbane, Mareeba, Melbourne, Sydney) were assessed by analysis of allozyme frequencies at seven polymorphic loci. Most of the populations were not in Hardy-Weinberg equilibrium and had a deficit in heterozygotes. The global differentiation among populations was estimated by the fixation index (Fst) at 0.103 for the 14 populations and at 0.047 when populations from Australia and Japan, which differed most and had a strong genetic structure, were excluded from the analysis. By contrast, the populations from Benin (West Africa) and Brazil (South America) were very similar to each other. Genetic differentiation among the populations was not correlated with geographical distance.
Introduction
Plutella xylostella (Linnaeus) (Lepidoptera: Yponomeutidae), the diamondback moth, is a major pest of Brassica crops and has a worldwide distribution (Talekar & Shelton, 1993) . Its geographical origin is considered to be in the eastern Mediterranean region or South Africa because of the number of wild and endemic brassicas in these regions and the presence of a high number of known parasitoid species (Tsunoda, 1980; Kfir, 1998) .
Populations of diamondback moth in tropical areas cause severe damage (as in Southeast Asia), but in temperate areas (e.g. Canada, USA, UK) damage to crops is usually less dramatic (Lim, 1986) . Measures to control this pest were estimated globally at US$ 1 billion in 1992 (Talekar & Shelton, 1993) . The main strategy of management has traditionally been insecticides (Talekar & Shelton, 1993) . As a major consequence, resistance to synthetic insecticides has appeared in a relatively short period of time in the field (Sun et al., 1986) . In addition P. xylostella has become the first species to develop field resistance to some of the toxins of Bacillus thuringiensis Berliner (Eubacteriales) (Tabashnik et al., 1987; Talekar & Shelton, 1993) .
Genetic differences and gene flow between populations of P. xylostella have been investigated in the context of *Author for correspondence Fax: 00 33 (0)5 61 55 61 96 E-mail: legal@cict.fr insecticide resistance. Differences have been shown in the level of susceptibility to insecticide between populations less than 10 km apart, both in Taiwan and in Hawaii (Cheng, 1981; Liu et al., 1982; Tabashnik et al., 1987) . These differences were probably induced by local selection pressure due to local variations in the insecticide treatments and the compounds used. Gene flow might not have been sufficient to overcome the differences in insecticide susceptibility between the populations in Hawaii (Tabashnik et al., 1987) . Therefore it could be assumed that in some regions, isolated populations of P. xylostella may differentiate from each other, because of a strong selection pressure and because of reduced migration and therefore reduced gene flow.
However, adults can migrate over very long distances; mass migrations have been reported in temperate climates, between the south of Finland and England (Mackenzie, 1958) , The Netherlands and England (Chapman et al., 2002) and between the southern USA and Canada (Harcourt, 1986) . In these areas, the gene flow may be sufficient to overcome differences between the existing populations; however, differences in levels of insecticide resistance between populations may also result from different selection pressures due to local variation in insecticide use.
The genetic variation among world populations of P. xylostella using neutral alleles was not estimated. It was assumed that environmental factors, such as variations of temperature and rainfall could affect the selection pressure. Therefore it could be considered that genetic differences between populations of P. xylostella could also occur on genes which were not linked to insecticide resistance. In this study, these genetic differences between widely separated populations of P. xylostella were investigated with the objective of determining whether they were related to the geographical distance between populations. An earlier study of the estimate of gene flow from neutral or quasi-neutral allelic variation among populations from Hawaii, Wisconsin and Florida in the USA showed low levels of differentiation and suggested a substantial gene flow occurring between them (Caprio & Tabashnik, 1992) . The enzyme electrophoresis technique, used in the study has been used to analyse geographical variations among populations of lepidopterous species (Daly & Gregg, 1985; Buès et al., 1994; Wainhouse & Juke, 1997) .
The aims of the present study were to measure differences among P. xylostella populations worldwide and investigate possible reasons for these differences. Allelic variation was measured in populations from 14 different areas: USA, Brazil, South Africa, Benin, Réunion Island, France, Uzbekistan, Japan, the Philippines and five areas in Australia (Sydney, Brisbane, Melbourne, Mareeba, and Adelaide).
Materials and methods

Sampling
Strains of P. xylostella were obtained from 14 localities worldwide (table 1) . Each sample comprised a minimum of 100 larvae and pupae. One of us (A. Kirk) and foreign collaborators collected pupae and larvae (second and third instars) by hand from plants from one field at each locality. They were immediately placed in plastic dishes with leaves of their host plant (cabbage) and dispatched by air to the CIRAD laboratory (Centre de Coopération Internationale en Recherche Agronomique pour le Développement, France) within 48 h. Samples received were reared at 25 C, +2 C, 75% relative humidity, and a photoperiod of 12L/12D on a sequence of cultivated Brassica species. Different Brassica species were used in order to maintain moths in good condition at each stage of their development. We observed that second instar larvae developed better when placed on fresh leaves of cabbage (B. oleracea L. var. Chateaurenard), whereas third instar larvae did best on cauliflower leaves (B. oleracea L. var botrytis) until pupation. All pupae were placed in a plastic box until emergence of adults (males and females) which were placed in a Plexiglas cage with Chinese mustard B. juncea (L.) plant. Chinese mustard was used for oviposition and first instar larval development. When the number of eggs was sufficient to establish a laboratory colony, the adults were deep frozen in liquid nitrogen and conserved at x80 C. If the number of individuals was insufficient for a complete analysis, offspring of the moths were reared under the same conditions for another generation. Adults were deep frozen in liquid nitrogen and conserved at x80 C.
Enzyme electrophoresis
Horizontal starch gels (13%) were prepared following the protocol of Pasteur et al. (1987) and stored at 4 C for up to one day. Gel buffers used were Tris-citrate pH 8, histidine pH 6, Tris-citrate pH 8.7, Tris-maleate-EDTA pH 7.4. Each entire frozen adult was homogenized in 20 ml of a NADP 2.3% solution using a pestle and mortar. This solution was then centrifuged for 10 min at 13000 rpm and 4 C. Fifteen ml of the resulting supernatant was maintained at x20 C or used immediately. Each sample (15 ml of supernatant) was loaded on a wick of Whatman no. 3 filter paper and placed into a well of the gel. Each gel consisted of 15 wells equivalent to 15 adults from five populations, therefore three adults per population. Migration (150 V, 70 mA) lasted 6 h at 4 C. Migration buffers used were: Tris-citrate pH 8, Tris-maleate EDTA pH 7.4, borate/NaOH pH 8.25, Tris-citrate pH 8.7 (Pasteur et al., 1987; Hillis et al., 1996) .
Soon after migration, each gel was horizontally sliced to four layers, 2 mm thick. Stains were prepared as required following the procedure of Pasteur et al. (1987) and Hillis et al. (1996) . Different enzymes were tested (table 2) and each enzyme was stained in one slice. The following seven enzymes exhibited discernable bands and polymorphic loci: isocitrate dehydrogenase, NADPH + malate dehydrogenase, glucose-6-phosphate dehydrogenase, mannose-6-phosphate isomerase, phosphoglucomutase, hexokinase and aspartate aminotransferase. The banding patterns characteristic of the seven enzymes were observed in moths. Soon after their appearance, bands were noted and a scan of the gel was done to conserve a permanent recording. For each population and each enzyme, a minimum of 30 adults was used.
Data analysis
Bands were interpreted in terms of loci and alleles and the allelic frequencies were determined. GENEPOP version 1.2 (Raymond & Rousset, 1995) was used to test for: (i) departures from the Hardy-Weinberg equilibrium (using Fisher's exact test); and (ii) the proportion of heterozygotes estimated under a Hardy-Weinberg equilibrium (He) and the proportion of heterozygotes observed (Ho). Differences among allelic frequencies for all pairs of populations were tested using Fisher's method, i.e. when genotypic frequencies were not independent, due to a linkage disequilibrium between loci, these were not maintained for the analysis of population structures. Deviations from equilibrium were estimated using Wright's F statistics (Weir & Cockerham, 1984) . Values of Fis (deviation from random mating within a population), Fit (deviation from random mating in all populations) and Fst or 'fixation index' (deviation from random mating among populations) were given. The mean number of migrants (Nm) from each generation was estimated using the inverse relationship between Nm and Fst (Wright, 1951) : Nm = [(1/Fst)x1]/4, where N is the size of the population and m the mean migration ratio.
An unrooted neighbour-joining tree was constructed with the values of Fst among each population pair, using DARwin version 3.6.40 (Perrier & Jacquemoud-Collet, 2000) .
Results
Of 21 enzymes screened in P. xylostella, four loci did not show a band: superoxide dismutase (EC 1.15.1.1), alcohol dehydrogenase (EC 1.1.1.1), glutamate dehydrogenase (EC 1.4.1.2) and phosphogluconate dehydrogenase (EC 1.1.1.44). Some loci had diffuse bands: xanthine dehydrogenase (EC 1.1.1.204), acid phosphatase (EC 3.1.3.2), adenylate kinase (EC 2.7.4.3), hydroxybutyrate dehydrogenase (EC 1.1.1.30), (S)-2-hydroxy-acid oxidase (EC 1.1.3.15), glucose dehydrogenase (EC 1.1.1.118), glutathione reductase (EC 1.6.4.2) and glucose-6-phosphate isomerase (EC 5.3.1.9). Sometimes, bands had a good resolution but loci appeared to be monomorphic in each population: glycerol-3-phosphate dehydrogenase (EC 1.2.1.12) and pyruvate kinase (EC 2.7.1.40). Enzymes with polymorphic loci that could be clearly interpreted were: isocitrate dehydrogenase (IDH, EC 1.1.1.42), NADPH + malate dehydrogenase (MDHP, EC 1.1.1.40), glucose-6-phosphate dehydrogenase (G6PDH, EC Tests of the Hardy-Weinberg equilibrium showed that populations of P. xylostella were unbalanced at numerous loci. Frequencies observed differed from those estimated in 70 of the 126 comparisons (P < 0.05). They were caused by heterozygote deficits in the loci IDHs, MDHPs, G6PDH and MPI, and by an excess of heterozygotes in locus AAT (table 4) . Fis values were significantly different from 0 for the loci MDHPs (x 2 = 194.4, df = 28, P = 0.000), G6PDH (x 2 = 268.2, df = 28, P = 0.000), MPI (x 2 = 1, df = 28, P = 0.000), and AAT (x 2 = 96.1, df = 26, P = 0.000). The loci IDHf and IDHs were monomorphic in populations of P. xylostella from Benin, France, Reunion Island and Melbourne. A low number of heterozygotes was observed for the locus PGM: it was monomorphic in the population from Japan and some of its alleles had low frequencies in populations from Adelaide, Brisbane, Mareeba and Melbourne in Australia. Allelic frequencies of the locus MDHPf showed variation between relatively close populations such as those from Adelaide and Mareeba. The mean heterozygosity observed (Ho) ranged from 0.183 (Brisbane) to 0.424 (Philippines). These values were lower than those estimated from the allelic frequencies, following the HardyWeinberg equilibrium (He), except for the populations from Melbourne, Sydney and Adelaide (table 5).
Allelic frequencies were significantly different for all pairs of populations using the Fisher test, except for the pair Benin/Brazil (x 2 = 28.029, P = 0.06162). Some loci showed unbalanced linkages: IDHs and IDHf, MEf and G6PDH, MEf and MPI. Loci IDHf and MEf were not used in later analyses.
For all populations, Fst = 0.103+0.025, and P (Fst = 0) < 0.001. Values of Fst obtained for pairs of populations ranged from 0 (Benin-Brazil) to 0.230 (France-Melbourne) (table 6). In the Australian population group, Fst ranged from 0.039 (Brisbane-Melbourne) to 0.126 (Adelaide-Brisbane). The values of Fst between the populations from Australia and the other populations were over 0.100, except for the population from Sydney (table 6). Fst calculated for the population of Japan was also relatively high, it ranged from 0.072 (Japan-Adelaide) to 0.195 (Japan-Philippines). The estimated Fst for other pairs of populations ranged from 0.007 (Brazil-South Africa) to 0.104 (Uzbekistan-Philippines). The genetic differences between the populations were shown in an unrooted tree calculated with the values of Fst, using the neighbour-joining method ( fig. 1) . No relationship was observed between the geographic distances and the values of Fst. Populations from Benin and Brazil exhibited no differences (Fst = 0.0002), or were not considered as under reproductive isolation; whereas populations from Australia and Japan had a higher value of Fst, suggesting non-random mating and a low degree of gene flow with other populations. When populations from Australia and Japan were excluded from the analysis, Fst was 0.047+0.020, with P (Fst = 0) < 0.001. Populations differed the most about the loci MDHPs (Fst = 0.173), PGM (Fst = 0.136) and AAT (Fst = 0.155). Of the loci analysed, AAT was the only one that exhibited an excess of the heterozygotes observed, compared to the estimate. To assess its impact on the values of Fst, analyses were conducted without the allelic frequencies of AAT. The values of the heterozygosity observed were inferior to the values expected from the allelic frequencies, except in the population from Adelaide in Australia (table 7) . The estimate of Fst for all the populations was 0.095+0.027, with P (Fst = 0) < 0.033. Concerning population pairs, Fst ranged from 0 (Benin-Brazil) to 0.241 (France-Melbourne). The values of Fst were within the same estimates as previous analyses, but lower in the majority of the pairs of populations. When the populations from Australia and Japan were excluded from the analysis, the mean Fst = 0.02. However, the populations from Australia and Japan remained very different from the other populations.
The estimated comparative numbers of migrants per generation each year (Nm) has been calculated for some populations. When a population is in a suitable environment (25 C), a new generation is produced every four weeks. Nm was from 2 to 6 between populations in Australia and was estimated at 15 between populations from Benin and South Africa. The mean number of migrants was around seven individuals per generation for the populations from France and Uzbekistan. The mean numbers of migrants estimated between widely separated populations were not significantly different. The South African population exhibited a relatively high migration potential.
Discussion
The enzymes corresponded to 11 loci of which nine were polymorphic. Plutella xylostella can therefore be considered a highly polymorphic species. No alleles were found that discriminated one population from another. The analyses did not reveal a locus linked to the sex, or the presence of null alleles. 
Differentiation among populations of Plutella xylostella
Deviations from the Hardy-Weinberg equilibrium were caused by heterozygote deficits, except for one locus (aspartate aminotransferase) where an excess of heterozygotes was found. However, the results seemed to reveal a Walhund effect (resulting from a mix of several panmictic sub-populations for which initial allelic frequencies are fairly different) and may be explained by the various following causes which are not mutually exclusive. Departures from the Hardy-Weinberg equilibrium could be attributed to the sampling method, which included several populations of related species with different allelic frequencies. Another explanation was that the low heterozygosity could be derived from a small founding population. An example would be that a low number of migrants could have established a new population in an area. This hypothesis was an explanation for the reduction of the heterozygosity observed in the corn earworm Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae) (Mallet et al., 1993) . This phenomenon might have happened in the population from the USA since Geneva, New York is in northeastern USA, on the migration pathway of adults of P. xylostella from the southern states to Canada (Dosdall et al., 2002) . Another example would be that climatic conditions could considerably reduce the size of a population in an area. In the northern region of Japan during winter, densities of P. xylostella are around five individuals to ten cabbage plants (Honda et al., 1992) . In Benin, where cabbage production is maintained throughout the year, the population size decreases from June to September, because of the impact of heavy rains (Bordat & Goudegnon, 1997) . A third explanation is that heterozygote deficits could be a consequence of reproductive isolation. Kim et al. (1999) considered this hypothesis, as they observed a high Fis in populations from South Korea. In the present study, there were not sufficient data to evaluate population dynamics throughout the year, or to ascertain the level of migration. Therefore, none of the three hypotheses could be confirmed.
The global Fst was relatively high (Fst = 0.103), compared to the values obtained in previous studies on P. xylostella. Caprio & Tabashnik (1992) (Wainhouse & Juke, 1997) , Fst = 0.080 for bog fritillary Proclossiana eunomia (Esper) (Lepidoptera: Nymphalidae) (Nève et al., 2000) , Fst = 0.007 in the populations of the migrating black antworm Agrotis ipsilon (Hufnagel) (Lepidoptera: Noctuidae) (Buès et al., 1994) and among African and European populations of the cotton bollworm Helicoverpa armigera (Hü bner) (Lepidoptera: Noctuidae) (Nibouche et al., 1998) .
In the present study, estimates of Fst between the populations were not correlated with the geographic distances between them. Populations from Australia and Japan were the most different, whereas populations from Brazil and Benin exhibited very similar allelic frequencies. This result has to be confirmed using DNA data to elucidate the phylogeny of these populations. Results of the enzyme electrophoresis were not informative enough to assume that these populations had the same geographical origin, or if the allelic frequencies were related to a high gene flow.
Gene flow between populations was limited, as confirmed by the number of migrants, particularly between populations in Australia. Nevertheless, migrations in tropical and subtropical areas (e.g. South Africa/Benin) appeared to be more important than in temperate areas (e.g. Uzbekistan/France).
Populations from Australia and Japan were different from other populations and between themselves. The mean number of migrants estimated among the Australian populations was reduced despite the short distances separating these populations. The differences could be the consequence of a small size of the population and a reduced gene flow. When populations are small, effects of genetic drift are more important. As a consequence, a higher number of migrants are necessary so gene flow can counterbalance genetic drift (Allendorf & Phelps, 1981) . These populations could be in a condition of high reproductive isolation.
In addition, variations of the genetic structure of populations observed through their allelic frequencies could be linked to insecticide resistance. The role of esterases in resistance to organophosphorous compounds has been demonstrated in P. xylostella (Liu et al., 1982; Miyata et al., 1986) . In a study on the cotton whitefly, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae), the allelic frequencies of esterases were different in an insecticide treated sample and in an unsprayed control sample (Wool et al., 1993) . The enzymes studied here were not directly involved in the insecticide resistance mechanism. However, Herrero et al. (2001) has found a correlation between the presence of an allele in the locus MPI and the resistance to the toxin Cry1A of Bacillus thuringiensis (Bt) in P. xylostella. The change in frequency of the isozyme is an argument in favour of a linkage at the locus MPI to the Cry1A resistance locus. The appearance of this isozyme was caused by genetic selection and not by a physiological induction. As in the present study, no data on resistance in the populations sampled (to Bt toxins or other insecticides) were available, the link between the resistance and the allelic frequencies observed has not been confirmed. But, considering the results, it is possible that the isozyme linked to the locus of Bt resistance corresponded to the allele 1 or 2 of the locus MPI. The presence of this isozyme could be used to detect and to identify a resistance to Bt toxins in a strain and to evaluate its dispersal ability in the area. Because of the MPI linkage to Bt toxins, this locus might not be neutral, as required for a study of geographic variations. Results obtained in the present study show that populations are not most differentiated at this locus.
In conclusion, estimates of Fst suggested that the degree of differentiation could vary within a population of P. xylostella (migrations, reduction of size due to environmental conditions), and that gene flow could be important in tropical and sub-tropical populations. Diamondback moth population sizes can vary as a function of their local environment and migration in temperate areas where they probably do not overwinter. Gene flow could maintain the low level of allelic variation between most populations. Enzyme genotypes were not informative enough to precisely evaluate either the gene flow between populations a short distance apart or the gene flow over long distances, probably by way of mass migrations. Allelic frequencies may vary in time, according to population size, which itself varies due to genetic drift and migration. These factors could then change the frequency of enzyme genotypes.
Recent work on the genetic basis of insecticide resistance has shown that the frequencies of some isozymes could be related to a resistant genotype (Herrero et al., 2001) . Further studies are needed to confirm this hypothesis and to consider enzyme genotypes as markers to detect resistance in a newly established population. The enzyme electrophoresis technique was not accurate enough to gain insights into the phylogeny of P. xylostella. Molecular markers are more powerful tools to assess relationships at the population level.
